A -glucuronidase purified from a commercial pectolytic enzyme preparation of Aspergillus niger hydrolyzed about half of the 4-O-methyl-glucuronic acid (4-Me-GlcA) residues located at the nonreducing terminals of (1!6)-linked -galactosyl side chains of the carbohydrate portion of a radish arabinogalactan-protein (AGP) modified by treatment with fungal -L-arabinosidase. Digestion of the -L-arabinosidase-treated AGP with exo--(1!3)-galactanase released, by exo-fission of -(1!3)-galactosidic bonds in the backbone chains of the AGP, neutral -(1!6)-galactooligosaccharides with various chain lengths and their acidic derivatives substituted at their nonreducing terminals with 4-Me--GlcA groups. In contrast, successive digestion of the -L-arabinosidase-treated AGP with -glucuronidase followed by exo--(1!3)-galactanase liberated much higher amounts of -(1!6)-galactooligomers together with a small portion of short acidic oligomers, mainly 4-Me--GlcA-(1!6)-Gal and 4-Me--GlcA-(1!6)--Gal-(1!6)-Gal. These results indicate that -glucuronidase acts upon 4-Me--GlcA residues in long (1!6)-linked -galactosyl side chains of the AGP, whereas short acidic side chains survive the attack of the enzyme.
backbone from which (1!6)-linked -galactan side chains branch off. These chains are usually heavily substituted with L-Ara residues as well as with other sugars such as xylose (Xyl), L-rhamnose, L-fucose, glucuronic acid (GlcA), and 4-O-methyl-glucuronic acid (4-Me-GlcA), mainly as nonreducing terminal residues, but the precise distribution and ratios depend on which organ of which plant the AGPs come from ( Fig. 1 ). Uronic acids are minor components in AGPs, usually less than 10% of total weight. They occupy nonreducing terminals of -(1!6)-galactan side chains through -(1!6)-glycosidic linkages. Indeed, such acidic side chains in a radish AGP previously studied, and used here, amount to more than 70% of the total side chains of the AGP. 4) Even though the functional versatility of AGPs in various physiological phenomena [1] [2] [3] and the importance of their sugar moieties, for instance, in the vascular development of Zinnia cells, 5) have been proven, the exact role of each sugar constituent and the function of particular sugar domains in AGPs remain to be clarified further. Only in a few cases is the evidence as clear as in the study of the mur1 mutant of Arabidopsis, which contains a reduced amount of L-fucose in AGPs due to a defect in conversion of GDP-Man into GDP-L-fucose in the nucleotide sugar pathway. The study indicates that in Arabidopsis, L-fucose is essential for normal root cell elongation. 6) For a better understanding of the various functions of the carbohydrate moiety of AGPs, it is necessary to get information on the localization and types of glycosyl linkages of the respective monosaccharide units in their glycan chains. Because of the complexity of the glycan chains of AGPs, enzymatic analysis might be one of the most powerful methods to elucidate their sugar sequences.
Various hydrolytic enzymes that degrade the carbohydrate moiety of AGPs have been reported. Several plant and microbial -L-arabinofuranosidases (-L-aray To whom correspondence should be addressed. Fax: +81-48-858-3384; E-mail: tsumuraya@molbiol.saitama-u.ac.jp Abbreviations: AGP, arabinogalactan-protein; DP, degree of polymerization; GlcA, glucuronic acid, MALDI-TOF/MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; 4-Me-GlcA, 4-O-methyl-glucuronic acid. The sugars mentioned in this paper belong to the D-series unless otherwise noted. binosidases; EC 3.2.1.55) 7, 8) and -galactosidases (EC 3.2.1.23) 9) catalyze a stepwise elimination of L-Ara and Gal residues respectively from the carbohydrate moiety. We have shown that an exo--(1!3)-galactanase (EC 3.2.1.145) from Irpex lacteus specifically cleaves -(1!3)-galactosidic linkages in the -3,6galactan core framework of the above-mentioned radish AGP ( Fig. 1 ). 4) The enzyme can bypass branching points and thereby liberate -(1!6)-galactan side chains as various oligomers, ranging in degree of polymerization (DP) from 1 up to at least 20, with or without 4-Me-GlcA residues at the nonreducing terminals linked through O-6, and with a Gal at the reducing terminal position, which originates from the linear -(1!3)-galactan backbone of the AGP. A similar enzyme has also been purified from Aspergillus niger 10) and Phanerochaete chrysosporium. 11) Another type of galactanase, endo--(1!6)-galactanase (no EC number), has also been isolated and cloned from A. niger 12) and Trichoderma viride. 13, 14) This enzyme hydrolyzes -(1!6)-galactan side chains of AGPs, mainly into Gal and -(1!6)-galactobiose with or without 4-Me-GlcA residues at the nonreducing terminals. These enzymes have been used successfully as tools in structural analyses of AGPs. In a similar vein, we have purified -glucuronidase (EC 3.2.1.31) from A. niger, which releases uronic acids from AGP-originated galactooligosaccharides carrying either GlcA or 4-Me-GlcA groups at the nonreducing terminals. The enzyme can also act on a polymer substrate: it releases about half of total 4-Me-GlcA from the carbohydrate portion of radish root AGP (which carries 4-Me-GlcA as the sole uronic acid component) that has been modified with fungal -Larabinosidase in advance, but scarcely acts on native AGP ( Fig. 1 ). 15) This -glucuronidase can be applied to AGPs, and should prove valuable for controlled degradation of acidic -(1!6)-galactan side chains in order to examine their various functions as well as to elucidate the fine structure of the sugar moiety of AGPs. In this paper, we report the precise mode of action of the enzyme on radish AGP in combination with exo--(1!3)-galactanase.
Materials and Methods
Materials. -Glucuronidase (specific activity, 16.4 units/mg protein) was purified from Pectinex Ultra SP-L, a commercial pectolytic enzyme preparation of A. niger. 15) One unit of enzyme activity was defined as the amount of enzyme liberating 1 mmol of p-nitrophenol per min from p-nitrophenyl -glucuronide. Exo--(1!3)-galactanase (specific activity, 70.7 units/mg protein) was purified from Driselase. 4) One unit of enzyme activity is capable of liberating 1 mmol of reducing sugars (as Gal equivalent) per min from -(1!3)-galactan. The -(1!6)-galactobiose and -triose used were prepared from larch wood arabinogalactan (Sigma-Aldrich Japan, Tokyo), 16) and -(1!6)-galactotetraose was prepared from gum ghatti (Sigma-Aldrich). 17) 4-Me--GlcA-(1!6)-Gal and 4-Me--GlcA-(1!6)--Gal-(1!6)-Gal were prepared from the sap of the lac tree, Rhus vernicifera. 15) An AGP (AGP IV) from roots of radish (Raphanus sativus L. var hortensis cv Aokubi) and its modification digested with Rhodotorula flava -L-arabinosidase were prepared according to the method previously used: the native AGP has M r 88000 and the ratios of its sugar constituents (mol %) are L-Ara:Gal:4-Me-GlcA = 24:62: 14, 18) and the -L-arabinosidase-treated AGP has M r 70,000 and contains L-Ara:Gal:4-Me-GlcA = 4:77:19. 4) Other chemicals and their sources were: Sephadex G-100 (Amersham Biosciences, Tokyo); Bio-Gel P-2 (Nippon Bio-Rad Lab., Tokyo); DEAEcellulose (Wako, Osaka, Japan); Whatman no. 1 filter paper (Whatman Japan, Tokyo).
Carbohydrate analyses. Total sugar was determined by the phenol-H 2 SO 4 method using Gal as the standard. 19) Reducing sugars were determined by the method of Nelson 20) and Somogyi 21) using Gal as the standard. The total uronic acid assay was carried out by a modified carbazole-H 2 SO 4 method using GlcA as the standard. 22) Free uronic acid was determined by the reductometrical method of Milner and Avigad 23) using GlcA as the standard. Sugars were analyzed by paper chromatography on Whatman No. 1 in 5:2:3 (v/v/v) 1-butanol-AcOH-water as the solvent system. Sugar spots on the chromatograms were visualized with an alkaline AgNO 3 reagent. Oligosaccharides were analyzed by matrixassisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS) using a Kompact MALDI IV instrument (Shimadzu, Kyoto, Japan), where 2,5-dihydroxybenzoic acid was used as the matrix in 10% (v/v) EtOH at a concentration of 10 mg/ml. Samples were mixed with 0.5 ml of the matrix solution and 0.5 ml of a 1% (w/v) NaCl solution with or without 0.5 ml of a 0.2 mM -cyclodextrin (as internal standard) solution. Oligosaccharide masses were determined mainly as pseudo-molecular ions (sodium adduct, ½M þ Na þ ). Hydrolysis of polysaccharide samples and separation of the resulting monosaccharide constituents were carried out by high-performance anion-exchange chromatography (HPAEC) using a Dionex DX-500 liquid chromatograph fitted with a Dionex CarboPac PA-1 column (4 Â 250 mm) and a pulsed amperometric detector, as described previously. 24) Enzymatic digestion of AGP. A sample (43 mg, based on total sugar content) of -L-arabinosidase-treated radish AGP was digested with -glucuronidase (600 milliunits [mU]) in 50 mM acetate buffer (pH 4.6, 6 ml) for 24 h at 37 C under toluene. The sugar contents given below were determined by the respective colorimetric methods, unless otherwise indicated. When the liberation of free 4-Me-GlcA reached a plateau (at 11 and 48% of hydrolysis based on total sugar and total 4-Me-GlcA content in the reaction mixture respectively), the digestion products were heated in a boiling water bath for 3 min to inactivate the enzyme, and chromatographed on a 2:2 Â 91-cm Sephadex G-100 column equilibrated and eluted with 1% (v/v) AcOH (3 ml/ fraction) at a flow rate of 26 ml/h. Fractions were monitored for total sugar and uronic acid contents. The degradation products were separated into two fractions, high-and low-M r components, which were collected separately and concentrated by evaporation with repeated addition of water to remove AcOH. The yield of the high-M r component was 37 mg. The low-M r component was identified as 4-Me-GlcA solely on paper chromatography. In order to analyze its structure, a portion (36 mg) of the high-M r component was subjected to digestion with 1 U exo--(1!3)-galactanase in 50 mM acetate buffer (pH 4.6, 3 ml) for 24 h at 37 C. When the liberation of reducing sugar reached a plateau (at 23% of hydrolysis based on total sugar), the digestion products were heated, fractionated on a Sephadex G-100 column as above, and separated into two fractions, high-and low-M r components with yields of 9 and 25 mg for the high-and low-M r components respectively. The low-M r component was chromatographed on a 1:5 Â 6-cm DEAE-cellulose (HCO 3 À ) column. Neutral sugars (18 mg) emerged with water and acidic sugars (6 mg) were eluted as a single peak after a linear NaHCO 3 gradient (0-0.5 M, 200 ml), and were desalted by passing them through a small column of Dowex 50 W (H þ ). Both fractions were then further fractionated by chromatography on a 2:6 Â 91-cm Bio-Gel P-2 column eluted with 1% (v/v) AcOH (2.5 ml/fraction) at a flow rate of 10 ml/h. High-M r components obtained were analyzed for their sugar composition, and neutral and acidic oligosaccharides were analyzed by paper chromatography with appropriate standard sugars, and by TOF/MS.
As a control experiment, another portion (38 mg) of -L-arabinosidase-treated radish AGP was digested directly with exo--(1!3)-galactanase without theglucuronidase treatment, and the resulting products were separated in a manner similar to the above fractionation. When the modified AGP was digested with exo--(1!3)-galactanase, high-M r (7 mg) and low-M r (25 mg) components were obtained. The low-M r component gave neutral (7 mg) and acidic (16 mg) sugars on ionexchange chromatography. The oligosaccharides were then separated by gel-filtration chromatography.
Enzymatic digestion of oligosaccharides. A sample (20 mg) of 4-Me-GlcA-containing oligomers was digested with -glucuronidase (1.6 mU) in 50 mM acetate buffer (pH 4.6, 20 ml) for 24 h at 37 C, and the products were analyzed on paper chromatography.
Results and Discussion

Enzymatic digestion of AGP with exo--(1!3)galactanase
We compared the effect of two enzymatic digestion regimes. In the first, -L-arabinosidase-treated radish AGP was digested with exo--(1!3)-galactanase only. In the second, the modified AGP was successively digested with A. niger -glucuronidase and exo--(1!3)-galactanase. The structures and proportions of the resulting products were compared in order to elucidate the mode of action of -glucuronidase on 4-Me-GlcA residues in the side chains of the AGP. The modified AGP was degraded by exo--(1!3)-galacta-nase into a high-M r component (21% based on the sugar content of the modified AGP taken as 100%) and a large amount (74%) of low-M r component ( Fig. 2A, B) . The proportions of sugars fractionated at each chromatographic step are summarized in HPAEC of its hydrolysate was L-Ara:Gal:4-Me-GlcA = 32:56:12, a proportion similar to that (28:57:15) obtained previously. 4) The higher L-Ara content in this fraction in comparison with that (4:77:19) of -Larabinosidase-treated AGP, as described in ''Materials and Methods'', indicates that the L-Ara residues unsusceptible to -L-arabinosidase digestion were confined mainly to the inner part of sugar chains of the AGP close to the core polypeptide chain. The low-M r component was separated into neutral (22%) and a large amount (49%) of acidic sugars on an ion-exchange column (Fig. 2C) . These were further separated into nine (N1-N9) and six (A1-A6) fractions on a Bio-Gel P-2 column (Fig. 2D, E respectively) . In fact, all the oligosaccharides obtained through this procedure have been identified or characterized already. 4) To check our data, we examined several oligosaccharides by comparison on paper chromatography with standard oligomers (data not shown), which confirmed the identification of N1-N4 as Gal and -(1!6)-galactooligosaccharides with DP 2-4, and of A1 and A2 as 4-Me--GlcA-(1!6)-Gal and 4-Me--GlcA-(1!6)--Gal-(1!6)-Gal respectively. The proportions of the components at each chromatographic step (Fig. 4) were quite similar to those of our previous study. 4) 
Successive enzymatic digestion of AGP withglucuronidase and exo--(1!3)-galactanase
When the modified AGP was digested withglucuronidase in advance to exo--(1!3)-galactanase digestion, about one half (11 mol %) of 4-Me-GlcA residues (19 mol % in total sugar constituents) in the modified AGP was liberated under exhaustive enzymatic digestion (Figs. 3A and 4) . The incomplete digestion of 4-Me-GlcA residues by -glucuronidase is likely partly due to steric hindrance caused by the variation in chain lengths of side chains, ranging from single to at least 20 residues, which make the modified AGP inaccessible to the enzyme, as postulated previously. 15) The high-M r fraction resistant to -glucuronidase was resolved into high-M r (22%) and low-M r (60%) components on digestion with exo--(1!3)-galactanase ( Fig. 3B) , as
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High-M r Fr. The proportions (%) of each fraction are based on the sugar content of -L-arabinosidase-treated AGP taken as 100%. Note that sugars fractionated by chromatography are not all recovered and that the proportions were estimated by respective colorimetric methods (for free uronic acid and total sugar). The sum of the proportions at each step therefore does not completely match the numbers at the preceding step. (Fig. 3C ). The proportions of neutral and acidic sugars were reversed in comparison with those released by exo--(1!3)-galactanase digestion alone, indicating that the -glucuronidase treatment converted acidic side chains in the modified AGP into neutral side chains by splitting off 4-Me-GlcA residues located at nonreducing terminals of the chains. The neutral sugars were separated into eight (N1 0 -N8 0 ), and the acidic sugars into four (A1 0 -A4 0 ) parts on a Bio-Gel P-2 column (Fig. 3D, E) .
The structures of these oligosaccharides were examined by TOF/MS, paper chromatography with standards, and enzymatic digestion with -glucuronidase. Upon TOF/MS analysis of the neutral sugars, a series of galactooligomers ranging from single Gal to oligomers with DP up to at least 12, together with an unknown peak, was detected ( Fig. 5 ). Among these oligosaccharides, the mobilities of N1 0 -N3 0 on paper chromatography coincided with standard Gal, -(1!6)-galactobiose and -triose respectively (Fig. 6A ). The acidic sugars A1 0 and A2 0 (as well as A1 and A2, mentioned above) were confirmed as 4-Me--GlcA-(1!6)-Gal (m=z 393.0 as sodium adduct) and 4-Me--GlcA-(1!6)--Gal-(1!6)-Gal (m=z 555.7 as sodium adduct) respectively by TOF/MS analysis (data not shown). But several unknown peaks were detected at masses below A1 0 and below A2 0 respectively. The reason for their occurrence is not known. The identification of A1 0 and A2 0 was supported by paper chromatographic analysis (Fig. 6B) , and enzymatic digestion with -glucuronidase, which liberated 4-Me--GlcA with either Gal or -(1!6)-galactobiose ( Fig. 6C ).
Since all oligosaccharides detected in this study are already liberated from -L-arabinosidase-treated AGP by digestion with exo--(1!3)-galactanase alone, we conclude that the -glucuronidase treatment does not generate any new structure in the sugar chains of AGP, but only increases the proportions of neutral oligosaccharides, by converting acidic side chains into neutral ones. The elution pattern of neutral sugars (N1 0 -N8 0 ) on a Bio-Gel P-2 column (Fig. 3D ) is similar to that (Fig. 2D ) of the exo--(1!3)-galactanase treatment alone, with one slight difference at N2 0 , the amount of which (9%) is higher than that of N1 0 (7%). This differs from the pattern of N1-N9 ( Fig. 2D) , in which the amounts of N1-N4 decrease in this order. In contrast, the elution pattern of acidic sugars (A1 0 -A4 0 ) ( Fig. 3E ) differs markedly from that ( Fig. 2E ) of A1-A6: in A1 0 -A4 0 , there are only very small amounts of 4-Me--GlcA-(1!6)-galactooligomers with more than three sugar units. These observations suggest that -glucuronidase can split off 4-Me-GlcA residues from all or most acidic oligosaccharides longer than 4-Me--GlcA-(1!6)--Gal-(1!6)--Gal-(1!6)-Gal and partly even from 4-Me--GlcA-(1!6)--Gal-(1!6)-Gal in side chains of AGP, the reducing terminal Gal of which originates from exo-fission of -(1!3)-galactosidic linkages in the backbone chains of the AGP by the action of exo--(1!3)-galactanase.
In conclusion, A. niger -glucuronidase is able to attack all or most 4-Me--GlcA residues in acidic side chains of -L-arabinosidase-treated radish root AGP longer than the 4-Me--GlcA-(1!6)--Gal-(1!6)-Gal 
